DNA damage and alterations in global DNA methylation status are associated with multiple human diseases and are frequently correlated with clinically relevant information. Therefore, assessing DNA damage and epigenetic modifications, including DNA methylation, is critical for predicting human exposure risk of pharmacological and biological agents. We previously developed a higherthroughput platform for the single cell gel electrophoresis (comet) assay, CometChip, to assess DNA damage and genotoxic potential. Here, we utilized the methylation-dependent endonuclease, McrBC, to develop a modified alkaline comet assay, "EpiComet," which allows single platform evaluation of genotoxicity and global DNA methylation [5-methylcytosine (5-mC)] status of single-cell populations under user-defined conditions. Further, we leveraged the CometChip platform to create an EpiComet-Chip system capable of performing quantification across simultaneous exposure protocols to enable unprecedented speed and simplicity. This system detected global methylation alterations in response to exposures which included chemotherapeutic and environmental agents. Using EpiCometChip on 63 matched samples, we correctly identified single-sample hypermethylation (1.5-fold) at 87% (20/23), hypomethylation (1.25-fold) at 100% (9/9), with a 4% (2/54) false-negative rate (FNR), and 10% (4/40) false-positive rate (FPR). Using a more stringent threshold to define hypermethylation (1.75-fold) allowed us to correctly identify 94% of hypermethylation (17/18), but increased our FPR to 16% (7/45). The successful application of this novel technology will aid hazard identification and risk characterization of FDA-regulated products, while providing utility for investigating epigenetic modes of action of agents in target organs, as the assay is amenable to cultured cells or nucleated cells from any tissue. 
INTRODUCTION
DNA methylation is an epigenetic modification that provides a stable gene silencing mechanism that, along with histone modification, plays an important role in regulating gene expression and maintaining genome stability [Bird, 2002] . DNA methylation primarily occurs by the covalent modification of cytosine residues in CpG dinucleotides, to yield 5-methylcytosine (5-mC), and in general, DNA global methylation status refers to the overall content of 5-mC in the genome, expressed as a percentage (5-mC%) [Waggoner, 2007] . Several normal biological processes [Reik, 2007] , environmental exposures [Feil and Fraga, 2011; Benayoun et al., 2015] , and pharmaceutical compounds [Csoka and Szyf, 2009] have been shown to alter DNA methylation status in a variety of reproducible and predictable patterns. For example, treatment with cisplatin [Nyce, 1989; Nyce et al., 1993] , nalidixic acid [Nyce, 1989] , hydroxyurea [Nyce, 1989] , and higher dose methotrexate (MTX) [Nyce, 1989; Nyce et al., 1993] have individually been shown to increase global methylation; whereas 5-azacytidine (5-Aza) [Christman, 2002] , procainamide [Cornacchia et al., 1988; Lee et al., 2005] , 4,6-dioxoheltanoic acid (SA) [Wentzel et al., 2010; Lewies et al., 2014] , tamoxifen [Wu et al., 2005; Tryndyak et al., 2006] , valproic acid [Detich et al., 2003; Cribbs et al., 2015] , and hydralazine [Cornacchia et al., 1988] exposures have each conversely resulted in decreased global methylation in defined physiological contexts.
Given that specific alterations in DNA methylation status and patterning have been strongly associated with clinical phenotypes and diseases such as cancer [Ordway et al., 2006; Esteller, 2007; Baylin and Jones, 2011; Rakyan et al., 2011; Pogribny and Beland, 2013; McLean et al., 2014] and autoimmune disorders [Hu et al., 2008; Zhou and Lu, 2008; Portela and Esteller, 2010] , it is of great importance to assess and characterize changes in DNA methylation status that may occur as a result of preventable human exposures. In fact, several chemotherapeutic agents designed to demethylate DNA have been shown to have clinical efficacy [Jones, 2014; Yang et al., 2014; Chiappinelli et al., 2015; Licht, 2015; Roulois et al., 2015; Paluch et al., 2016] . Furthermore, there is strong associative evidence that DNA methylation status and patterning can also be used in several contexts as biomarkers for guiding diagnosis and the treatment of the resulting disorders [Laird, 2003; Wu et al., 2005; Bock, 2009; Laird, 2010; Heyn and Esteller, 2012] , again highlighting a critical need for rapid, cost-effective strategies to assess DNA methylation. Although enormous progress has been made in DNA methylation assays [Boch et al., 2016] and in using DNA methylation markers in cancer diagnosis and prognosis [Bock, 2009] , the development of a sensitive and fast method for assessing DNA methylation that can utilize cells isolated from any tissue will be extremely useful and may provide valuable opportunities to enhance human risk assessment strategies.
In addition to DNA methylation-modifying agents, it is similarly difficult for people to avoid exposure to exogenous chemicals (such as subsets of pharmaceuticals and food additives) which can also cause DNA damage. The resulting DNA damage may be mechanistically involved in the development of diseases, including cancer. Thus, a wide range of genetic toxicology assays that detect the early biological effects of DNA damaging agents are used for risk assessment and making regulatory decisions. One of these assays, the single-cell gel electrophoresis (comet) assay, was recently validated for regulatory use [Azqueta and Dusinska, 2015; Frotschl, 2015] and an OECD Test Guideline for the in vivo assay (TG489) was approved in 2014 [OECD, 2014] . For the traditional comet assay, mammalian cells are embedded in agarose, lysed, incubated at high pH to denature DNA, and then subjected to electrophoresis. Owing to the fact that damaged DNA migrates more readily than supercoiled, undamaged DNA, when the DNA is stained and analyzed under a microscope, the migration of damaged DNA away from the nucleoid creates a comet-like appearance. One advantage of the comet assay is that it can be used on both dividing and nondividing cells. Therefore, the comet assay provides a way of detecting early DNA damage in cells cultured in vitro or cells isolated from tissues of animals treated in vivo.
Currently, no single platforms exist that are capable of evaluating, at the cellular level, the genotoxicity (DNA damage), and changes in global DNA methylation status (5 mC%) that occur as a result of exogenous exposures. We, and others, have previously described the use of the standard alkaline comet assay in vitro, on several human and nonhuman cell lines, and in vivo using animal models, as a powerful approach to assess genotoxicity [Collins, 2004; Azqueta et al., 2009; Ding et al., 2011; Weingeist et al., 2013; Ding et al., 2014; Ge et al., 2014; Manjanatha et al., 2014; Azqueta and Dusinska, 2015; Ge et al., 2015; Agnihothram et al., 2016; Ding et al., 2016] . The comet assay is amenable to several modifications, including the addition of a subsequent restriction digest step after lysis in the traditional protocol. A variety of DNA lesions can be detected using the comet assay and slight modifications to the traditional procedure. For example, when run under alkaline conditions, the alkaline comet assay detects single-strand breaks (SSBs), doublestrand breaks (DSBs), abasic sites (AB sites), and alkali labile sites (ALSs) [Epe et al., 1993] . In contrast, under neutral conditions, the comet assay largely detects DSBs, but also detects SSBs to a level that does not allow for distinction between the two forms of damage using the assay. Of note, there is a specialized version of the neutral comet assay that incorporates a prolonged protease digestion step that occurs at a high temperature, which has been reported to selectively detect DSBs (personal communication with Andrew R. Collins and Gunnar Brunborg) . In addition to the alkaline and neutral standard comet assay protocols, a modified comet assay approach has been developed to enable detection of base damage. Using the traditional alkaline comet assay, base damage cannot be detected because base lesions do not affect DNA migration. However, if after lysis, the resulting DNA is digested using a DNA glycosylase (e.g., formamidopyrimidine-DNA glycosylase (Fpg), endonuclease III (Endo III), or human 8-hydroxyguanine DNA-glycosylase (hOGG1)), undetectable base damage will be converted into detectable abasic sites and single strand breaks [Collins, 2004; Smith et al., 2006; Azqueta et al., 2009; Ding et al., 2011 Ding et al., , et al., 2014 Manjanatha et al., 2014] . Here, using an analogous approach, we introduced the restriction enzyme McrBC to design and validate a novel, high-sensitivity version of the comet assay, "EpiComet," capable of assessing global methylation status. The addition of McrBC induces "de novo" DNA damage at a majority of the 5-mC present in the DNA, thus the EpiComet assay is predicted to convert undetectable 5-mC into single-strand breaks that can be quantified using the comet assay approach and system.
We have previously developed a higher-throughput platform for the comet assay, CometChip [Weingeist et al., 2013; Ge et al., 2014 Ge et al., , 2015 . Specifically, for the CometChip, cells are arrayed in microwells within agarose, and then analyzed for single strand breaks based upon the principle that damaged DNA (e.g., increased single-strand breaks) migrates more readily than undamaged DNA when electrophoresed in agarose. The CometChip approach uses the same parameters as the traditional comet assay. Consistent with previous findings for CometChip alone (versus traditional throughput comet assay) [Ge et al., , 2015 , the use of EpiComet-Chip did not alter our results versus direct comparison to EpiComet alone (i.e., EpiComet technology not performed on CometChip platform). Key advantages to the CometChip are the higher throughput (only a few images per sample due to shared focal plane and automated image analysis) and increased sensitivity (reduced comet to comet variation). Here, instead of using the CometChip platform to solely analyze DNA damage, we leveraged the same platform in combination with EpiComet. This merged approach enables simultaneous analysis of DNA damage and global methylation levels under numerous exposure conditions with unprecedented speed and simplicity, via technology we have termed "EpiComet-Chip."
MATERIALS AND METHODS

Cell Line Sourcing and Tissue Culture Methods
HeLa-S3 (ATTC Number CCL-2.2), HepG2 (ATCC Number HB-8065), MCF-7 (ATCC Number HTB-22), and TK-6 (ATCC Number CRL-8015) were all obtained directly for these studies from the American Type Culture Collection (ATCC.org), and subsequently were expanded, grown and cryopreserved at low passage number in our laboratory at the National Center for Toxicological Research. Cells were cultured to the exact specifications and cell culture media conditions that were recommended by ATCC for each cell line until they were exposed to the various treatments, as described in our report. Furthermore, cells were kept in culture no longer than eight passages in our laboratory and no longer than 1 month in active culture to help preserve the integrity of the cellular identity of each line.
Exposures/Treatments of Cultured Cells
Cell lines in culture (as described above) were subdivided into treatment and control groups, with each treatment (each independent dose, each independent compound) performed in biological triplicate. Furthermore, each set of biological triplicates was performed using a minimum of three experimental replicates. [Numerous pilot studies were performed to determine an effective dose and timeframe (between 18 and 72 hr) in which we were able to quantify the modification in global methylation status for each compound tested.] All compounds were directly obtained from Sigma-Aldrich (St. Louis, MO, USA) and diluted immediately before use (i.e., freshly prepared for each experimental replicate) into stock concentrations using an appropriate diluent for the compound solubility and stability profiles (such as sterile water, sterile Dulbecco's phosphate-buffered saline (DPBS), sterile dimethyl sulfoxide (DMSO), or filtered tissue culture media), which was rapidly diluted into a final concentration in fresh tissue culture media that was ultimately added to wells of confluent cells in culture for adherent cells, or mixed at an appropriate cellular density of cells for suspension cultures. Care was taken to use a concentration for our fresh stock preparations that minimized the amount of DMSO, a known oxidizing agent, added for all cellular treatments to <1%.
Alkaline Single-Cell Gel Electrophoresis (Comet) Assay
The alkaline comet assay was performed as previously described. Briefly, 50 ml of single-cell suspensions [in phosphate-buffered saline (PBS)] derived from each treatment condition were mixed with 450 ml 0.8% (dilution in PBS) low-melting-point agarose (LMPA) at 378C, and 100 ml of this suspension was applied to microscope slides (Fisher Scientific, St. Louis, MO, USA) previously thin coated with 1% agarose, or were added to CometChip assays as previously described [Weingeist et al., 2013; Ge et al., 2014 Ge et al., , 2015 . After solidification of the LMPA/ embedded cell mixture at 48C, the slides were placed in freshly prepared lysis buffer (2.5 M NaCl, 0.1 M ethylenediaminetetraacetic acid (EDTA), 10 mM Tris, 10% DMSO, and 1% Triton X-100, pH 10.0) at 48C in the dark for 3 h. The slides then were washed once in neutralization buffer (0.4 M Tris, pH 7.5) in the dark for 5 min (min) at 48C and then transferred into chilled alkaline (unwinding/electrophoresis) solution (300 mM NaOH, 1 mM EDTA, pH > 13) in the dark for 30 min to unwind DNA. Immediately following unwinding, electrophoresis was performed in the same solution at 48C in the dark for 30 min at 0.8 V/ cm and 300 mA. After removing the slides from the electrophoresis chamber, the slides were washed three times (5 min each) with neutralization buffer, and the slides were then fixed with ice cold ethanol (100%) and dried for 30 min. To visualize nucleic acids and facilitate scoring, the slides were stained with SYBR Gold (Invitrogen, Carlsbad, CA, USA) (1:10,000 dilutions in TBE buffer). For glass slide preparations, a minimum of three slides were scored from each treatment/sampling time; and at least 150 representative cells/nucleoids were selected randomly from each slide and scored using a system comprised of a Nikon 501 fluorescent microscope and Comet IV digital imaging software (Perceptive Instruments, Wiltshire, UK). For CometChip preparations, either built-for-use custom MATLAB (MathWorks, Natick, MA, USA) software [Weingeist et al., 2013; Watson et al., 2014; Ge et al., 2014 Ge et al., , 2015 or Comet IV digital software was used to manually score individual cells/comets. For all CometChip preparations, a minimum of three "wells" were seeded with previously treated cells, allowing for the scoring of approximately 300 cells. Although, both software options yielded similar results and both were used for individual sets of experiments, we exclusively used one version of software for data collection and analysis methods for any and all experiments that were directly compared for statistical analyses in this report. Independent of the software package used, the percentage of DNA in tail (% Tail DNA), defined as the fraction of DNA in the tail divided by the total amount of DNA associated with a cell multiplied by 100, (i.e., 100 2 [(head optical intensity/total optical intensity) 3 100]), was used as the parameter for DNA damage analysis as previously described .
EpiComet: DNA Methylation-Sensitive Modified Comet Assay
For the EpiComet assay, the standard procedure for the alkaline comet assay and alkaline CometChip assay was followed (as above)
Environmental and Molecular Mutagenesis. DOI 10.1002/em through the lysis steps of the protocol. After the lysis, the standard procedure was modified to allow for the determination of global DNA methylation status. Briefly, similar to the principles and procedure for the modified oxidative comet assay [Collins and Dusinska, 2002; Ding et al., 2016] , slides or CometChip preparations were washed in a unique Wash Buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM DTT, pH 7.9) and briefly allowed to equilibrate with wash buffer at room temperature. Subsequently, samples were incubated at 378C in a preheated damp chamber for 105 min by layering either the following: (A) Control treatment buffer (wash buffer (50 mM NaCl, 10 mM TrisHCl, 10 mM MgCl 2 , 1 mM DTT, pH 7.9) plus 100 lg/mL BSA and 1 mM GTP (required for McrBC enzymatic activity)), or (B) methylation-specific buffer (control treatment buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM DTT, pH 7.9, 100 lg/ml BSA, 1 mM GTP) plus 0.035U/ll McrBC (New England Biolabs, Ipswich, MA, USA) and covering the enzyme solution with cover slips. The slides were then transferred into a chilled alkaline solution (as above for alkaline comet assay) and allowed to remain in the solution for 40 min in the dark to unwind DNA. After unwinding, electrophoresis was performed in the same solution at 48C in the dark for 50 min at 0.8 V/cm and 300 mA. The slides and plates were then washed with neutralizing buffer (as above) to neutralize the remaining alkali and remove detergent, and dried with ice cold 100% ethanol. Before scoring for comets, the slides were stained with SYBR Gold (Invitrogen, Carlsbad, CA) (1:10,000 dilution in TBE buffer) and ultimately scored and analyzed by the methods described above for the standard alkaline comet assay. Global DNA methylation is interpreted by measuring and subtracting the mean % Tail DNA from buffer-only slides (representative of endogenous strand breaks) from the mean % Tail DNA obtained after incubation with the methylation sensitive restriction enzyme. An increase or decrease in the % Tail DNA after enzyme treatment is indicative of DNA hypermethylation or hypomethylation, respectively. Results are expressed as either the normalized or absolute difference in the mean % Tail DNA after enzyme treatment, as indicated.
DNA Isolation for Confirmation Studies
DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA) per the manufacturer's protocol, including an optional Proteinase K incubation, for DNA isolation from cells derived from tissue culture. Total DNA quality assessment and quantification was performed using the NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA), as described in the protocol from the manufacturer.
DNA Methylation Confirmation Study
To confirm the global DNA methylation results from the modified comet (EpiComet) assay, we used the MethylFlash Methylated DNA Quantification Assay (Epigentek, Farmingdale, NY, USA) on pooled cells removed from the single-cell homogenate preparations that were obtained from the exact same treatment wells that were used for the EpiComet assay. This quantification of global DNA methylation was performed by isolating DNA (using the procedure described above), and then following the manufacturer's protocol, as in Brown et al., [2014] and several other published manuscripts. Briefly, assays were performed with an equal amount of total DNA (typically 100 ng) used for all assay wells and the procedure involves first binding DNA to strip wells that are specifically treated to have a high DNA affinity, and subsequently detecting the methylated fraction of DNA using capture and detection antibodies. Methylated DNA quantification is conducted fluorometrically in a fluorescence microplate spectrophotometer at excitation 540 nm and emission at 590 nm. The amount of methylated DNA is proportional to the relative fluorescence units measured, which is calculated with the manufacturer's formula for the absolute quantification of 5-mC using a standard curve. Percentage (%) 5-mC is calculated by dividing this number by the total amount of DNA loaded into the assay.
Statistical Analysis
All statistical analysis was performed using either Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and/or SigmaPlot (Systat Software, Inc., San Jose, CA, USA).
RESULTS
Generation of the EpiComet and EpiComet-Chip Assays
The major objective of this study was to develop a single platform capable of evaluating, at the cellular level, the genotoxicity (DNA damage), and changes in global DNA methylation status (5 mC%) that occur as a result of exogenous exposures. To accomplish this, we introduced the restriction enzyme McrBC to design and validate a novel, high sensitivity version of the comet assay, "EpiComet," capable of assessing global methylation status. The addition of McrBC induces "de novo" DNA damage at a majority of the 5 mC present in the DNA, thus the EpiComet assay is predicted to convert undetectable 5 mC into single-strand breaks that can be quantified using the comet assay approach and system (Figs. 1E and 1F) .
To increase sensitivity and enable rapid throughput assessment, we also merged our EpiComet technology with our previously described platform, CometChip (a 96-well platform for measuring DNA damage in microarrayed cells, Figs. 1A-1E) [Weingeist et al., 2013; Ge et al., 2015] . This combined approach, presented and defined here as the "EpiComet-Chip" single platform system (Fig. 1) , was utilized for several of our experiments to formally evaluate its potential in predicting exposure-mediated genotoxicity and global DNA methylation alterations at the cellular level. Consistent with previous findings for CometChip alone (versus traditional throughput comet assay) [Ge et al., , 2015 , the use of EpiComet-Chip did not alter our results versus direct comparison to EpiComet alone [i.e., EpiComet technology not performed on CometChip platform, data not shown).
Human Cell Culture Lines are Amenable to DNA Damage Detected by the Comet Assay
We, and others, have previously described the use of the standard alkaline comet assay in vitro, on several human and nonhuman cell lines, and in vivo using animal models, suggesting that we would not have difficulty performing the comet assay to assess for DNA damage in the immortalized human cells lines that were selected for this study [Collins, 2004; Azqueta et al., 2009; Ding et al., 2011; Weingeist et al., 2013; Ding et al., 2014; Ge et al., 2014; Manjanatha et al., 2014; Azqueta and Dusinska, 2015; Ge et al., 2015; Agnihothram et al., 2016; Ding et al., 2016] . However, to formally test this hypothesis, we examined the ability of a Environmental and Molecular Mutagenesis. DOI 10.1002/em Development and Validation of EpiComet-Chipknown genotoxicant, methyl methanesulfonate (MMS) to induce dose-dependent induction of DNA damage that we could identify using the standard protocol for the alkaline comet assay. Specifically, we demonstrate statistically significant increases in MMS-induced DNA damage, as measured by increases in % Tail DNA, for human cell lines derived from breast (MCF-7), cervix (HeLa-S3), liver (HepG2), and spleen (TK-6), as shown in Supporting Information, Figure S1 . Collectively, these data suggest that each of these cell lines is amenable to analysis of DNA damage via the comet assay and likely might have potential feasibility for probing global methylation status by using the EpiComet protocol presented here.
Global Methylation Status of Cultured Cells is Amenable to Interrogation with EpiComet
Although several previous studies have addressed the global methylation status of several cell lines [Vera et al., 2008] , it has been demonstrated that global methylation status of immortalized cells lines of the same origin can widely vary in their quantified baseline levels of global methylation, with significant variation seen across quantification methods and individual laboratories. Therefore, we independently quantified the baseline 5 mC% of several key cell types using the MethylFlash Methylated DNA Quantification Assay. In particular, we examined MCF-7, TK-6, HeLa, and HepG2, which represent a broad range of well-characterized human cell types. We found that our baseline level of global methylation for the MCF-7 cell line was 1.8 6 0.56% (mean 5 mC% 6 standard error of the mean (SEM)) (Supporting Information, Figure S2) ; whereas, this value was 1.6 6 0.11% for HeLa-S3; 0.9 6 0.28% for TK-6; and 1.5 6 0.47 for HepG2; roughly consistent with similar values seen for each line in the literature [Vera et al., 2008] . Given that global methylation values had the smallest SEM value in the HeLa-S3 line, we focused most of our subsequent experiments on this cell line.
Induction of Global Methylation Status Changes in Human Cell Lines
Many compounds are known to modify global methylation status, including chemotherapeutic, environmental and novel agents [Nyce et al., 1993; Zhao et al., 1997; Detich et al., 2003; Toffoli et al., 2003; Lee et al., 2005; Wu et al., 2005; Tryndyak et al., 2006; Zhou and Lu, A bottomless 96-well plate is clamped onto an agarose slab that has an array of microwells created as described [Weingeist et al., 2013; Ge et al., 2015] . After compressing and clamping, each well has within it 300 microwells on the bottom surface. To perform the traditional CometChip assay, (B) cells are placed above the microwells in agarose and loaded by gravity; (C) excess cells are removed by sheer force; (D) LMPA is added to the top to trap the cells in the microwells; and (E) patterned cells are lysed, subjected to electrophoresis, and comets are scored to quantitate DNA damage. For EpiComet-Chip, the procedures remain the same for (A-E); however, immediately after lysis, we introduce (F), an incubation step with McrBC or buffer alone, followed by electrophoresis and scoring of comets, allowing for the determination of global DNA methylation in addition to DNA damage.
Environmental and Molecular Mutagenesis. DOI 10.1002/em 2008]. It is important to note that exposure-mediated changes in global methylation status can occur via both direct and indirect effects and that there are known agents that either increase DNA methylation (hypermethylate) or decrease global DNA methylation (hypomethylate). Given that our initial pilot experiments yielded a range of DNA methylation values (data not shown), we focused on a 48-hr treatment exposure duration using the HeLa-S3 cell line and dosing of either control, 7.5 mM 5-Aza (an inhibitor of methyltransferases that is known to lead to hypomethylation), or one of the following exposures predicted to cause hypermethylation, albeit via different mechanisms: 100 mM hydroxyurea, 1 mM nalidixic acid, or 0.25 mM MTX. As shown in Figure 2 , we demonstrate that exposure to 5-Aza leads to a statistically significant reduction in global methylation status (5 mC%) in HeLa-S3 cells. Conversely, exposure to hydroxyurea results in a statistically significant increase in global methylation. Similarly, nalidixic acid and MTX dosing also both resulted in statistically significant increases in global methylation, as predicted.
EpiComet Detects Global DNA Methylation Status Alterations Resulting From Exposure to DNA MethylationModifying Agents
Given our 5 mC% quantification results above, we again performed 48 hr exposures in HeLa-S3 cells with control, 5-Aza, hydroxyurea, nalidixic acid, or MTX, and sought to formally test whether the results we obtained using EpiComet from a single treatment could accurately detect hypomethylation or hypermethylation in response to specific exposure conditions. As shown in Figure 3 , the incubation of control treated cells with McrBC resulted in a statistically significant increase in % Tail DNA versus buffer. This effect, as predicted, is likely to reflect the detection of baseline 5 mC% and the corresponding induced McrBC (methylation)-specific DNA damage at this baseline 5 mC. In contrast, exposure to the hypomethylating agent, 5-Aza, did not result in a significant difference in % Tail DNA for McrBC versus buffer; however, we did detect a statistically significant difference in 5-Aza/buffer versus control/buffer (Fig. 3A) , consistent with literature reports of genotoxicity for the compound.
Cellular exposure to each of the hypermethylating agents (hydroxyurea, nalidixic acid, and MTX) all resulted in a statistically significant increase in % Tail DNA for the McrBC protocol versus buffer alone, as also shown in Figure 3 . In addition to the raw data, the absolute change in % Tail DNA that was observed with the addition of McrBC versus buffer alone for each condition is presented in Figure 3B for easier visualization. Further, in addition to direct subtraction of results obtained from experimental conditions to controls, we also normalized the individual treatments with McrBC to their exact treatment pair match with buffer alone to reduce several confounding variables, as shown in Figure 3C . These values were subsequently used to evaluate the strong correlation of normalized % Tail DNA to the value we independently obtained for global methylation status (5 mC%).
EpiComet Detects Global DNA Methylation Status
Although our EpiComet assay has the advantage of being able to use a single platform to examine both genotoxic endpoints and DNA methylation status, the ability to perform both of these functions adds a level of complexity to the system. Therefore, we sought to formally test if the results we obtained using EpiComet from a single treatment can accurately and directly detect global Fig. 2 . Global methylation changes in response to various exposure conditions. (A) Quantification of mean 5 mC%, derived from a minimum of three independent experiments consisting of a 48 h exposure to either control, 5 mM 5-Aza, 100 mM hydroxyurea, 1 mM nalidixic acid, or 0.25 mM MTX, as indicated, with error bars reflecting SEM and * denoting statistical significance, defined here as P 0.05. Baseline 5 mC% (in response to control exposure) was determined to be 1.61 6 0.11% (mean 6 SEM). 5-Aza exposure led to hypomethylation, quantified at 0.99 6 0.11%, *P 5 0.001. Conversely, exposures to the following led to hypermethylation: hydroxyurea: 2.94 6 0.30, *P 5 0.005; nalidixic acid: 3.27 6 0.49%; *P 5 0.005; MTX: 3.02 6 0.39%; *P 5 0.002. (B) Derived value for global methylation change versus control, using the mean 5 mC% quantified in A. 5-Aza treatment resulted in a 0.62% decrease in global 5 mC% (39% decrease normalized to the control value). Conversely, the treatment with either hydroxyurea (1.33 increase in 5 mC%; 82% increase from control), nalidixic acid (1.66 increase in 5 mC%; 103% increase from control), and MTX (1.41 increase in 5 mC%; 87% increase from control) all resulted in increased global methylation. methylation status in a treatment agnostic manner. A continuum of hypomethylation, "normal" 5 mC, and hypermethylation was obtained in HeLa-S3 cells in response to exposures to either control, 5-Aza, hydroxyurea, nalidixic acid, or MTX. Unlike our previous experiment in which we formally addressed exposure-mediated effects, here we sought to determine if EpiComet was able to detect global DNA status using % Tail DNA as a surrogate for 5 mC% independent of the mechanism and treatment conditions by which we arrived at a final global methylation status.
Importantly, single-cell homogenates from the exact same treatment well were collectively harvested, provided a unique identifier, and divided into two equal cell populations. One half was used to quantitate DNA methylation using standard methods, as described above, and the other half was used to perform the EpiComet assay (subdivided again in either McrBC or buffer alone treatment groups) to obtain an absolute value for % Tail DNA, at which point the two values were subsequently directly compared as a matched pair. This matched pair comparison was used to derive values for the absolute difference and fold Fig. 3 . EpiComet detects changes in global DNA methylation status with exposure to DNA methylation-modifying agents. (A) Determination of % Tail DNA by treatment protocol, derived from a minimum of three independent experiments consisting of a 48 h exposure to either control, 5 mM 5-Aza, 100 mM hydroxyurea, 1 mM nalidixic acid, or 0.25 mM MTX, as indicated, with error bars reflecting SEM and * denoting statistical significance, defined here as P 0.05. The addition of McrBC to control treated cells resulted in a statistically significant increase in % Tail DNA versus buffer (control/McrBC: 3.13 6 0.29%; control/buffer: 1.87 6 0.22%; *P 5 2.71E-06), as predicted to reflect the detection of the induced McrBC(methylation)-specific DNA damage and baseline 5 mC%. In contrast, the predicted hypomethylating agent, 5-Aza, did not have a significant difference in % Tail DNA for McrBC versus buffer (5-Aza/ McrBC: 3.86 6 0.40%; 5-Aza/buffer: 3.76 6 0.39%; P 5 0.725); however, there was a significant difference in 5-Aza/buffer versus control-buffer (*P 5 7.49E-05), suggesting genotoxicity for the compound. The addition of each of the predicted hypermethylating agents (hydroxyurea, nalidixic acid, and MTX) each resulted in a significant increase in % Tail DNA for the McrBC protocol versus buffer alone (hydroxyurea/McrBC: 7.08 6 0.80%; hydroxyurea/buffer: 2.49 6 0.27%; *P 5 2.11E-05. Nalidixic acid/McrBC: 6.36 6 0.49%; nalidixic acid/buffer: 2.73 6 0.31%; *P 5 1.54E-05. MTX/McrBC: 7.29 6 0.68%; MTX/buffer: 2.76 6 0.20%; *P 5 2.12E-05). (B) The absolute change in % Tail DNA that was observed with the addition of McrBC versus buffer alone for each condition (as calculated from the data in A), was as follows: control: 11.26; 5-Aza: 20.09; hydroxyurea: 14.59; nalidixic acid: 13.63; MTX: 14.52. (C) The normalized (to buffer alone) change in % Tail DNA was as follows: 1.79 6 0.13% (mean 6 SEM) for control treatment; 1.02 6 0.08% with 5-Aza exposure; 2.95 6 0.30% with hydroxyurea exposure; 2.71 6 0.42% with nalidixic acid exposure; and 2.74 6 0.26% with MTX exposure.
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As shown in Figure 4A , independent of the method by which we used to hypomethylate or hypermethylate global DNA, we were able to obtain a reasonably linear, direct correlation (r 2 5 0.64) in which increases in the corrected difference of % Tail DNA (McrBC-buffer) are largely seen with increases in quantified 5-mC%. It should be noted that one should not simply look at noncorrected or non-normalized % Tail DNA numbers, (i.e., independent of exposure matching and knowledge of whether they are derived from McrBC or buffer), for two major reasons. First, it is known that several agents that alter DNA methylation status may also act in a genotoxic mechanism that can act independent of McrBC addition, as is the case in our study with some doses of 5-Aza in specific cell lines (Fig. 3A) . Therefore, there is a need to quantify % Tail DNA (Treatment) 2 % Tail DNA (Control) and examine only at exact same treatment conditions for direct comparisons, as one would normally do when performing a standard alkaline comet assay.
Second, there is also a reasonable expectation that the McrBC and buffer treatment protocols could increase DNA damage (and thus % Tail DNA), due to the requirement of performing some of the steps at 378C versus 48C. Therefore, there is an additional need to examine % Tail DNA (Treatment X/McrBC) 2 % Tail DNA (Treatment X/Buffer). Thus, by analyzing the exact same tube under the exact same conditions to define a baseline value, we can account for and eliminate the need for introducing additional statistical methods to account for these known confounding variables. Further, by normalizing % Tail DNA for McrBC to % Tail DNA for buffer (i.e., % Tail DNA (McrBC) 4 % Tail DNA (buffer)) for the same single exposure, we reduced many variables to demonstrate a high correlation (r 2 5 0.73) of normalized % Tail DNA with quantified 5-mC%, as shown in Figure 4B .
EpiComet and EpiComet-Chip Accurately Predict Induced DNA Methylation Alterations
Given that we were interested not only in creating an assay that correctly correlates % Tail DNA with absolute global methylation values (r 2 5 0.73, Fig. 4B ), but rather an assay that can also act as a predictive test for hypoand hyper-methylation that results from specific exposure conditions, we transformed our data by employing the following methods. First, using the EpiComet and EpiComet-Chip protocols as described above, we determined a mean value for the normalized % Tail DNA with control treatment and quantified the standard deviation (SD) in HeLa-S3 cells. Here, for % Tail DNA, we initially and arbitrarily defined mean 6 SD (as consistent with a "normal/baseline" level of methylation; less than mean 2 SD as our prediction signal for hypomethylation; and greater than mean 1 SD as our threshold for prediction of hypermethylation, and subsequently tested the ability of our EpiComet system to accurately predict the actual global methylation status.
Analogously, for our initial determination of "normal/ baseline" methylation levels, we similarly used the mean and SD values that we obtained for 5 mC% in controltreated HeLa-S3 cells for 5-mC% for control-treated cells. For this initial test with quantified 5-mC%, we therefore arbitrarily defined hypomethylation as values less than mean -SD; normal for values in the range of mean 6 SD; and hypermethylation as greater than mean 1 SD. Given that the quantification of 5-mC% occurred via a wellestablished and accepted protocol, we defined these data as the "truth situation" for which our EpiComet technology would attempt to predict.
Using this approach, we directly examined the ability of our EpiComet readout to accurately predict global methylation status (Figs. 5A-5E ), and subsequently subdivided status into smaller categories by relative methylation levels (Figs. 5F-5I) . Overall, for 63 matched pairs, our 5-mC% quantification yielded 9 treatments that caused hypomethylation, 27 treatments that resulted in normal methylation status, and an additional 27 that resulted in hypermethylation. Using our criteria for % Tail DNA, we accurately identified hypomethylation at a rate of 100% (Figs. 5A-5C); accurately identified normal methylation in 85% of cases (Figs. 5A , 5B, and 5D); and accurately identified hypermethylation in 81% of instances (Figs. 5A , 5B, and 5E). Furthermore, we had a 4% false-negative rate (Figs. 5A , 5B, and 5D), 6% falsepositive rate (Figs. 5A , 5B, and 5D), and had no attribution of a case of actual hypermethylation/hypomethylation to the opposite category (Figs. 5A and 5B and Supporting Information, Table S1 for annotated values).
In nine instances, we obtained at least a 25% reduction in quantified 5 mC% versus the mean for control treatment. In all these cases, we accurately identified all instances as hypomethylation using EpiComet. In addition, we had 23 instances in which we observed at least a 50% increase in methylation versus the mean for control treatment, including a subset of 18 instances in which we quantified at least a 75% increase in methylation. EpiComet accurately identified 87% (Figs. 5F and 5G) of the instances with a minimum of a 50% increase in methylation and 94% (Figs. 5H and 5I) of instances with at least a 75% increase in methylation; however, our falsepositive rate was increased to 10% and 16%, respectively (from 6%), by altering our corresponding threshold values (Figs. 5F-5I and Supporting Information, Table S1 ).
To demonstrate that the utility of our approach was not limited to a single cell line, we also examined HepG2 and TK-6 in a limited sample set and found the same trends that were seen for HeLa-S3 as an initial proof of concept (data not shown). Although we originally hypothesized that our ability to detect a reduction in methylation might be largely limited, perhaps as a consequence of the low endogenous levels of DNA methylation in our cell lines; collectively, our data suggest that the changes in global DNA methylation status of either single treatments or a group of exposures with DNA methylationmodifying agents correlate to a large degree to % Tail DNA determined using our novel EpiComet and EpiComet-Chip systems.
DISCUSSION
Assays that determine DNA damage and DNA methylation are extremely important in predicting the carcinogenicity of drugs, physical and biological agents, and environmental exposures. The comet assay is a sensitive and simple technique traditionally used to detect DNA strand breaks in single cells, which can be modified to detect a variety of DNA lesions. In this report, we describe how we established unique tools and novel methods to combine the comet assay with restriction enzymes to create EpiComet and EpiComet-Chip for evaluating global DNA methylation status in individual cells in a high-throughput, cost effective manner to address this regulatory challenge. An analogous approach to the use of glycosylases to reveal DNA base damage is the use of enzymes that cleave DNA at sites of epigenetic structural changes to base structure. Methylation dependent restriction enzymes, such as HpaII, MspI, and more recently, McrBC, have been used extensively for a variety of epigenetic analyses [Pogribny et al., 1999; Fujiwara and Ito, 2002; Ordway et al., 2006; Wentzel et al., 2010] . In addition, HpaII and MspI have been previously used in conjunction with the comet assay, although with limited sensitivity [Wentzel et al., 2010] . The limited sensitivity is likely due to the intrinsic properties of the enzymes. HpaII and its isoschizomer MspI recognize the same tetranucleotide sequence (5 0 -CCGG-3 0 ) but display differential sensitivity to DNA methylation, in that neither enzyme will cleave when the external cytosine (in the sequence CCGG) is methylated, and MspI (unlike HpaII) can cleave the sequence when the internal cytosine residue is methylated [McClelland et al., 1994] . Therefore, by using both MspI and HpaII independently, one can directly compare the ratio of enzymatic cuts for MspI/ HpaII as a proxy for methylation status.
In contrast to the isoschizomer approach, McrBC possesses desirable characteristics that allow for the use of a single restriction digest for cleavage of a majority of the methylcytosines present in the DNA, across a wide range of global methylation statuses. Specifically, McrBC cleaves DNA containing 5-methylcytosine, 5-hydroxymethylcytosine, or N4-methylcytosine on one or both strands [Gowher et al., 2000] and will not cut unmethylated DNA [Sutherland et al., 1992] . McrBC recognizes two halfsites on DNA of the form (G/A) m C; these half-sites can be separated by up to 3 kb, with an optimal separation is 55-103 bp (recognition site-5 0 . . .Pu m C (N-40-3000) Pu m C. . .3 0 ) [Gowher et al., 2000; Zhou et al., 2002] . This short consensus sequence of McrBC, (Pu m C) allows the enzyme to recognize and cut a large proportion of the methylcytosines present in DNA. Furthermore, McrBC is also capable of cleaving DNA which is not heavily methylated, as a low level of cleavage occurs even when the Pu m C elements are as far as 3 kb apart [Burman et al., Environmental and Molecular Mutagenesis. DOI 10.1002/em Tail DNA plotted versus quantified 5 mC%. We arbitrarily defined "normal/ baseline" methylation values (x) to be in the range of mean 2 SD x mean 1 SD obtained from control treatment alone (i.e., mean 5-mC% (1.61) 6 SD (0.4), thus 1.21-2.01% for HeLa-S3 cells, denoted by lines on y-axis of graph). Note: Here, as opposed to the other figures, we are using standard deviation (SD) and not SEM to define our threshold parameters. We similarly arbitrarily defined "normal/baseline" % Tail DNA values to be in the range of mean 2 SD x mean 1 SD obtained from control treatment alone (i.e., mean % Tail DNA (1.79) 6 SD (0.5), thus 1.29 2 2.29% for HeLa-S3 cells, denoted by lines on x-axis of graph). (B) Schematic and quantification of prediction accuracy for EpiComet prediction by category, using the threshold values defined in A. Note: Lines represent the four threshold values. (C-E) Subdivision of prediction accuracy for EpiComet for (C) hypomethylation, (D) normal, and (E) hypermethylation using the threshold values defined in A. Using our criteria for % Tail DNA, we accurately identified hypomethylation at a rate of 100% (9/9); accurately identified normal methylation in 85% of cases (23/27); accurately identified hypermethylation in 81% of instances ((22/27) , missed true positives denoted by arrows); falsely attributed 2 normal methylation status samples as hypomethylation (4% false-negative rate (2/54), denoted by asterisks), falsely attributed 2 normal methylation status samples as hypermethylation (6% false-positive rate (2/36), denoted by stars), and had 0% (0/36) attribution of a case of actual hypermethylation/hypomethylation to the opposite category. (F-G) Accuracy in predicting methylation with a less stringent upper threshold of 50% increase in methylation from control mean defined as "normal/baseline" (i.e., >2.42 for 5 mC% scored as hypermethylation). Using this threshold, EpiComet accurately identified 87% (20/ 23) of the instances with a minimum of a 50% increase in methylation; however, our false-positive rate was increased to 10%. (H,I) Accuracy in predicting methylation with a less stringent upper threshold of 75% increase in methylation from control mean defined as "normal/baseline" (i.e., >2.82 for 5-mC% scored as hypermethylation). Using this threshold, EpiComet accurately identified 94% (17/18), of instances with at least a 75% increase in methylation; however, our false-positive rate was increased to 16%. 1999]. Owing to these desirable characteristics, we utilized McrBC to design and validate a novel, high sensitivity version of the comet assay, "EpiComet." Specifically, after lysis, DNA is incubated with McrBC, which cleaves the DNA at sites of 5 mC, thus increasing DNA migration when analyzed using the comet assay approach. Thus, the EpiComet converts undetectable 5 mC into single-strand breaks that can be quantified using the comet assay approach.
Our initial pilot studies related to exposure-mediated changes to global methylation status involved performing an exploratory series of exposure dose-response and exposure duration-response experiments with a variety of chemotherapeutic, environmental, and novel agents of regulatory interest. These experiments exploited the properties of the following compounds shown in various previous contexts to either increase global methylation: cisplatin [Nyce, 1989; Nyce et al., 1993] , nalidixic acid [Nyce, 1989] , hydroxyurea [Nyce, 1989] , and higher dose MTX [Nyce, 1989; Nyce et al., 1993] ; or decrease global methylation: 5-Aza [Christman, 2002] , procainamide [Cornacchia et al., 1988; Lee et al., 2005 ], 4,6-dioxoheltanoic acid (SA) [Wentzel et al., 2010; Lewies et al., 2014] , tamoxifen [Wu et al., 2005; Tryndyak et al., 2006] , valproic acid [Detich et al., 2003; Cribbs et al., 2015] , and hydralazine [Cornacchia et al., 1988] . Further, these pilot experiments allowed us to define appropriate dose ranges and duration of exposures for each agent/cell line pair.
Prior to our experiments, it was predicted that changes in global methylation might require timeframes between 16 and 96 hr and therefore we collected the mock and compound treated cells at three time points: 24, 48, or 72 h after the initial dosing was performed. One limitation in our pilot studies was that the dynamics of methylation were not explored in a true full continuum, as our quantitation methods required the terminal use of the cellular material for analyses. In addition to beginning with uncertainty on which exposure duration to treat our cell lines, the effective dose in which we would anticipate to see an effect was also largely unknown. Whenever feasible, we set our middle dose concentration in a range of 4 doses (0, low, medium, and high concentration) to reflect an expected value published in the field. Several initial preliminary findings were intriguing, but beyond the scope of this report, as several values may not reflect a true effect, as a consequence of limited experimental replicates for any one of the pilot treatments in the experimental design. Specifically, our experimental design was exploratory in nature and yielded many results with wide standard deviations in which conclusions could not be accurately made without substantial added effort. While the majority of our exposures behaved in the predicted manner in modifying DNA methylation, future studies should analyze preliminary findings which included several results that displayed cell line-dependent differences, did not produce a predicted detectable change in DNA methylation, produced biphasic trends loosely correlated with duration or exposure concentration, and/or did not provide consistent directional data that mirrored expectations from a large volume of previous experiments published in the literature.
As a consequence of these findings, we determined to focus on a subset of cell lines (mainly HeLa-S3) and exposure conditions (specific doses of four compounds) to perform our proof-of-principle studies and validate the EpiComet assay. Our goal was to develop and validate our assay in a manner that is consistent with accurately detecting differences in global methylation status in specific single cells that undergo exposure with chemical agents in the exact same treatment well. Therefore, we took advantage of the wide range of distinct sensitivities and dynamic responses of the distinct cell lines to exposure durations to examine if we could define the accuracy and limits for detectable differences in global methylation as determined using our study methods. Being able to determine the overall methylation status in a treatment agnostic manner provided us with great flexibility and has resulted in a versatile assay. In fact, this property of EpiComet allowed us to accurately and independently account for a unique failed experiment in which the lack of determined methylation-induction specifically could be attributed to a specific experiment in which an acute, limited dosing error had occurred (unpublished data).
Although the relationship between the EpiComet results and overall human exposure risk from any one agent is largely beyond the scope of this report, it is clear that having a relatively high-throughput and low-cost system that provides a rapid initial readout of global methylation status will have clear utility in a variety of human risk assessment protocols. Whereas EpiComet will have utility for identifying exposure conditions that globally hypermethylate and hypomethylate DNA above and below a user defined threshold, respectively, there exist several higher sensitivity (and more resource intensive) techniques that could subsequently be performed for a limited subset of exposures. In addition to having higher sensitivity, these additional testing procedures likely could characterize the localization and actual modifications that occur as a direct result to the exposure with an agent of interest in many instances. Further, EpiComet is unable to identify diverse epigenetic modifications, including changes in localized methylation patterns on a critical DNA region in the absence of overall changes in global methylation status. Therefore, in some settings EpiComet may not be the preferred initial screening method; however, given the existing OECD Test Guideline for the in vivo comet assay (TG489) for genotoxicity studies, the concomitant use of our EpiComet and EpiComet-Chip modification to this protocol should afford an opportunity Environmental and Molecular Mutagenesis. DOI 10.1002/em to gain valuable epigenetic data with a relatively low input of additional laboratory or researcher resources required. Collectively, this suggests that the use of EpiComet may be warranted in most instances in which a standard comet assay normally would be performed.
Despite the fact that there are several methods by which to analyze global DNA methylation (Boch, 2016) , there are no simple and cost effective methods available to use a single platform assay to examine for genotoxic induction of DNA damage and detect epigenetic modifications (such as global DNA methylation status) using a single platform, as described here using EpiComet. Overall, the successful application of this novel technology will aid hazard identification and risk characterization of FDA-regulated products, while providing utility for investigating epigenetic modes of action of agents in target organs, as the assay is amenable to cells in culture or nucleated cells from any tissue.
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